Abstract. Neutrinoless ββ decay nuclear matrix elements calculated with the shell model and energy-density functional theory typically disagree by more than a factor of two in the standard scenario of light-neutrino exchange. In contrast, for a decay mediated by sterile heavy neutrinos the deviations are reduced to about 50%, an uncertainty similar to the one due to short-range effects. We compare matrix elements in the light-and heavy-neutrino-exchange channels, exploring the radial, momentum transfer and angular momentum-parity matrix element distributions, and considering transitions that involve correlated and uncorrelated nuclear states. We argue that the shorter-range heavy-neutrino exchange is less sensitive to collective nuclear correlations, and that discrepancies in matrix elements are mostly due to the treatment of long-range correlations in many-body calculations. Our analysis supports previous studies suggesting that isoscalar pairing correlations, which affect mostly the longer-range part of the neutrinoless ββ decay operator, are partially responsible for the differences between nuclear matrix elements in the standard light-neutrino-exchange mechanism.
Introduction
Searches for nuclear neutrinoless ββ (0νββ) decay -the process where a nucleus decays into its isobar with two more protons and two fewer neutrons emitting only two electrons-aim to establish that neutrinos are its own antiparticles, a unique property among elementary particles first proposed by Ettore Majorana eight decades ago [1] . These experiments are very challenging because the decay they are looking after is indeed very rare, for at least two reasons. First, ββ decay implies a second-order process in the weak interaction, which must be very slow. Second, the neutrinoless mode violates lepton number -two leptons are created-so that there is a further suppression due to the tiny value of the neutrino masses, or in general by any small parameter distinctive of the new physics beyond the Standard Model responsible for the lepton-number-violating decay. While the lepton-number-conserving ββ decay with the additional emission of two antineutrinos has been observed in a dozen nuclei, in some cases with half-lives as short as 10 19 years [2] , present lower limits for the neutrinoless mode already indicate half-lives longer than about 10 26 [5] . Ongoing searches and future proposals aim to increase the sensitivity of 0νββ decay experiments by several orders of magnitude in the next decade [6, 7, 8] .
The 0νββ decay half-life also depends on the associated nuclear matrix element, reflecting that the process occurs within atomic nuclei [9] . Consequently, matrix elements are crucial to anticipate the experimental sensitivity needed to expect a detection signal -within a given model of lepton-number violation-and likewise, to interpret such a decay signal by identifying the underlying mechanism responsible for it. Once the decay channel is known, information can be gained on the corresponding new-physics model. For instance, in the standard scenario that 0νββ decay is mediated by the virtual exchange of the observed light neutrinos, the nuclear matrix elements would allow to identify the arrangement of the neutrino masses -the neutrino hierarchy-and to extract information on the absolute neutrino mass.
Besides the exchange of the light neutrinos we know to exist, other mechanisms involving new physics beyond the Standard Model could trigger the 0νββ decay. These include the existence of lepton and hadron right-handed currents predicted in leftright symmetric models, the exchange of supersymmetric particles, or the emission of Majorons associated with the spontaneous breaking of the baryon-lepton number symmetry [10] . One representative example recently explored in detail in the literature is the exchange of sterile heavy neutrinos via left-handed currents. Sterile neutrinos are predicted in several new-physics models that incorporate the seesaw mechanism to explain the tiny masses of the observed light neutrinos [11] . In addition, sterile neutrinos with masses in the eV range have also been motivated as an explanation to the anomalies seen in a number of neutrino experiments [12] , and keV sterile neutrinos have been proposed as a source of warm dark matter [13] . For 0νββ decay mediated by sterile-neutrino exchange, the corresponding nuclear matrix elements can provide access to the sterile-neutrino mass and to the mixing of electron and sterile neutrinos, once the 0νββ decay half-life has been measured.
It is well known that, at present, uncertainties in nuclear matrix element calculations for the light-neutrino-exchange mechanism [14, 15, 16, 17, 18, 19, 20, 21, 22, 23] are so large that its capability to give useful guidance to experiments is in practice limited [9] . This shortcoming would similarly prevent from obtaining reliable information on the neutrino mass and hierarchy in the event of a 0νββ decay signal, assuming the standard scenario for lepton-number violation. There are two main sources of uncertainty in matrix element calculations. First, most of the quoted numbers in the literature ignore a possible "quenching", or renormalization, that would reduce the value of the matrix elements up to a factor two or more. Calculations need such a renormalization factor to correctly reproduce the half-lives of single-β decays and ββ decays with the emission of antineutrinos, but its origin is not well understood. Among the most popular explanations are deficiencies in the many-body approaches, and missing two-nucleon (or meson-exchange) terms in the transition operator [9, 24] . The consequences for 0νββ decay matrix elements depend on the origin of the "quenching" [9] . The additional contribution of the isotensor axial polarizability to two-nucleon decays was proposed recently [25, 26] . Second, calculations using varied many-body methods severely disagree in their predictionsup to a factor two or three depending on the isotope-illustrating the subtle sensitivity of the 0νββ decay operator. In contrast, the same many-body methods usually predict rather consistent nuclear structure observables -such as excitation energy spectra or electromagnetic transitions-across the nuclear chart.
Much less attention has been devoted to the nuclear matrix element uncertainties associated with decay mechanisms involving new physics beyond the Standard Model. Recently, several calculations have become available for the case of 0νββ decay mediated by the exchange of sterile heavy neutrinos [11, 16, 20, 21, 27, 28, 29, 30, 31, 32, 33] . Matrix elements in this channel would be in principle also affected by the uncertainty associated with "quenching". The renormalization specific to this mechanism could be unique because the exchange of virtual heavy neutrinos is characterized by a shorter-range character and larger momentum transfers, on which the "quenching" can depend. This is especially the case if the renormalization is due to meson-exchange currents [34, 35] . In addition, heavy-neutrino-exchange matrix elements obtained with various many-body approaches can be confronted in the same fashion to the routine comparisons performed in the light-neutrino-exchange channel. A combined study of matrix elements in several channels can bring new insights to understand the inconsistencies among present calculations.
In this work we compare shell-model nuclear matrix elements to recently published results obtained with covariant energy-density functional (EDF) theory [32] , with focus on both light-and heavy-neutrino-exchange mechanisms. For the heavy-neutrinoexchange channel, the matrix elements depend much less on the many-body method used than in the case of exchange of virtual light neutrinos. In fact, the discrepancies for the heavy-neutrino exchange are comparable to the uncertainty associated with short-range effects. The latter uncertainty is much larger for heavy neutrinos than in the light-neutrino-exchange channel because in the former case larger momentum transfers become relevant, and the short-range part of the operator -at present mostly unexplored-turns out more important [20, 29, 32, 36] .
Previous studies have pointed out the relevance of nuclear structure correlations in understanding the deviations between matrix elements obtained with alternative many-body approaches [9] . The objective of this work is to exploit the distinct nature of the shorter-range heavy-neutrino-exchange and the longer-range light-neutrinoexchange mechanisms to investigate the influence of the leading nuclear structure correlations in each of the two channels. The study of transitions involving simplified uncorrelated states can provide an overall picture of the role played by nuclear correlations [37] . In addition, a separable collective Hamiltonian [38] can be used to single out particular correlations [39] . Our analysis aims to identify correlations relevant for the light-neutrino exchange but not so much for the heavy-neutrino case. The contrasting comparison of matrix elements in the two decay channels suggests that the diverse many-body treatment of these correlations can explain part of the disagreement between calculated nuclear matrix elements.
This paragraph completes the introductory Sec. 1. The remaining of the article is structured as follows. In Sec. 2 we introduce the 0νββ decay nuclear matrix elements corresponding to the light-and heavy-neutrino-exchange mechanisms. We compare the results obtained with the shell model and covariant EDF theory for each decay channel in Sec. 3. In addition we investigate the matrix element contributions in terms of the internucleon distance, the momentum transfer, and the quantum numbers of the pair of decaying nucleons. Section 4 discusses the role of nuclear structure correlations. We first focus on matrix elements for decays involving uncorrelated initial and final nuclear states. Subsequently, we use a a separable collective Hamiltonian to explore individual nuclear correlations in terms of their impact on each 0νββ decay mechanism, placing special emphasis on isoscalar pairing correlations. Section 5 summarizes the main findings of the article.
Light-and heavy-neutrino-exchange mechanisms
We focus on the 0νββ decay mediated either by the virtual exchange of Standard Model light neutrinos or by sterile heavy-neutrino exchange. Here "heavy" is defined with respect to the typical momentum transfer of the decay, |q| ∼ 100 MeV, so that the heavy-neutrino mass satisfies m h |q|. References [11, 27, 28, 29, 31 ] discuss matrix elements for the general case of 0νββ decay mediated by neutrinos of arbitrary mass. Under the assumptions above the half-life of the process can be written as
where G 0ν (Q ββ , Z) is a known phase-space factor which depends on the initial and final nuclear energies and the electron mass, Q ββ = E i − E f − 2m e , and on the atomic number Z [40] . M 0ν and M 0N are the nuclear matrix elements of the light-and heavyneutrino-exchange channels, respectively. The parameters m ββ and η ββ characterise the lepton-number violation, and are given by
with U ej the component of the neutrino mixing matrix that connects electron flavour with the light or heavy mass-eigenstate of mass m j . The electron and nucleon mass m N are introduced by convention to make the lepton-number-violation parameters dimensionless. For both neutrino-exchange channels the matrix elements can be decomposed according to the three separate spin structures of the 0νββ decay operator: S F = 1, S GT = σ a · σ b and S T = 3σ j ·r ab σ k ·r ab − σ a · σ b , with σ the spin operator andr ab the unit vector in the radial direction between the two decaying neutrons. Therefore the full matrix element consists of three parts:
with dominant Gamow-Teller (M GT ), subleading Fermi (M F ) and smaller tensor (M T ) components. It is relevant to note that calculations without isospin conservation overestimate M F [37] . In this work we take vector and axial couplings g V = 1 and g A = 1.27 [41] . The three components of the matrix element M X introduced in Eq. (4) can be defined in a general form as a function of the mass of the virtual neutrino exchanged in the decay, m j :
The lepton-number-violating parameter λ ββ is either m ββ or η ββ , j GT = j F = j 0 and j T = j 2 are spherical Bessel functions, h X are the neutrino potentials [9, 42] given in Appendix A, and R = 1.2A 1/3 fm is introduced by convention to make the matrix elements dimensionless. A sum is performed over all nucleons in the nucleus, with the isospin operator τ + a turning nucleon a into a proton if it is originally a neutron. Equation (5) assumes the closure approximation, so that only the initial nuclear state |i with Z protons and N neutrons and the final nuclear state |f with Z + 2 protons and N − 2 neutrons are needed to evaluate the nuclear matrix element. This approximation entails an additional parameter µ, a representative energy of the states in the intermediate nucleus with Z + 1 protons and N − 1 neutrons that enter in the second-order perturbation-theory expression of the matrix element without the closure approximation. Diverse calculations using the non-approximated expression [43, 44, 45] indicate that with reasonable choices of µ ∼ 10 MeV -but with values that slightly depend for each ββ transition-the closure approximation introduces an error of less than 10% in the light-neutrino-exchange mechanism.
In the limits of light and heavy neutrinos Eq. (5) leads to
where the parentheses isolate the lepton-number-violation parameters, see Eqs. (2) and (3). The rest of the right-hand side are the expressions for the 0νββ decay nuclear matrix elements.
Usually an additional piece is included to account for short-range correlations missed by the many-body calculation of the initial and final nuclear states. Effectively this amounts to replacing the operators defined by Eqs. (6) and (7) by
with the function g(r ab ) parameterized to compensate for the missing correlations [46] . For the light-neutrino exchange the impact of the short-range correlations is almost negligible, but for the heavy-neutrino exchange the most common parameterizations for g(r ab ) result in a significant matrix element uncertainty. This reflects limitations in constraining the short-range physics in the nuclear many-body calculations.
The heavy-neutrino matrix elements in Eq. (7) involve the four-nucleon diagram, and in addition one-and two-pion contributions included in the h AP and h P P terms in Appendix A. The range of these pion-pole contributions in Eq. (7) is not very different to that of the four-nucleon diagram [32] . A fully consistent approach to heavyneutrino exchange is based on chiral effective field theory (EFT) [47] , where one-and two-pion-exchange diagrams are predicted to contribute at the same chiral order as the four-nucleon diagram, but are of longer range. Similar chiral EFT predictions in other decay channels involving the exchange of a heavy particle are supported by matrix elements obtained with the quasiparticle random-phase approximation (QRPA) [10] . In the chiral EFT framework the hadronic input associated with the contact and pion-exchange diagrams needs to be determined with lattice QCD [48, 49] . At the moment, however, the relevant information is not known for heavy-neutrino exchange. Nevertheless since the main focus of this work is to compare matrix elements for longand short-range contributions, and to study how nuclear structure correlations operate for both kinds of terms, we restrict to heavy-neutrino matrix elements as defined in Eq. (7) . For the same reason, the effects of meson-exchange currents [34] and the isotensor axial polarizability [25, 26] are also neglected. Still we emphasize that a chiral EFT approach including these corrections, like indicated in Ref. [50] , should be considered in principle to study heavy-neutrino-exchange nuclear matrix elements. 
Nuclear matrix elements
Various many-body methods have been employed to study 0νββ decay. In the case of light-neutrino exchange it is well known that different approaches yield matrix elements that vary up to a factor two or more. The shell model typically gives the smallest matrix elements, and EDF theory usually the largest ones [9] . The upper panel of Fig. 1 illustrates this comparing shell-model matrix elements with the covariant EDF theory ones of Ref. [32] . The shell-model values are shown in Table 1 . The shell-model calculations use the same configuration spaces and interactions as Refs. [11, 14, 51] : For 48 Ca the neutron and proton single-particle harmonic oscillator orbitals 0f 7/2 , 1p 3/2 , 1p 1/2 and 0f 5/2 -the pf shell-with the KB3G interaction [52] ; for 76 Ge and 82 Se, the 1p 3/2 , 1p 1/2 , 0f 5/2 and 0g 9/2 orbitals with the GCN2850 interaction [14] ; and for 124 Sn, 130 Te and 136 Xe, the 0g 7/2 , 1d 5/2 , 1d 3/2 , 2s 1/2 and 0h 11/2 orbitals with the GCN5082 interaction [14] . These shell-model interactions are based on G-matrix interactions [53] derived from realistic nucleonnucleon potentials, with phenomenological modifications, mostly in the monopole part, to accommodate better agreement with spectroscopic data. In particular, the GCN2850 and GCN5082 interactions [54] describe well spectra and electromagnetic properties [55, 56, 57, 58] . All shell-model calculations have been performed with the J-coupled code NATHAN [59] , especially suited for the computation of 0 + states.
In order to understand the origin of the inconsistency between matrix element calculations, it is useful to confront the results for the heavy-neutrino-exchange channel as well, as in the lower panel of Fig. 1 . A comparison of the upper and lower panels in Fig. 1 highlights that the relative variance between matrix elements is much smaller when virtual heavy neutrinos are exchanged than in the standard scenario of light-neutrino exchange. Actually we expect the disagreement to be even milder, because the covariant EDF theory calculations do not preserve isospin as a good quantum number, and the corresponding matrix elements -which are larger than the shell model ones-can be estimated to be about 10% too large because of this approximation [37] . Moreover, for heavy neutrinos the discrepancy is comparable to the uncertainty due to the treatment of short-range correlations -CD-Bonn-and Argonne-type parameterizations [46] are considered-represented by the error bars in the shell-model results in Fig. 1 . What causes the contrasting comparison of matrix elements in the two channels?
To answer this question, it is useful to have in mind the distinct nature of the two decay mechanisms. For that purpose, Fig. 2 compares the corresponding normalized radial and momentum transfer matrix element distributions, C(r ab ) and C(|q|), for the representative case of the 136 Xe decay. The distributions -without normalizationsatisfy M = C(r ab )dr ab and M = C(|q|)d|q|. The left panel of Fig. 2 shows that even though the light-neutrino exchange is of relatively short-range, with typical distances between the decaying neutrons of the order of a couple of fm's, the heavyneutrino exchange only allows shorter-range contributions up to 1 fm. Alternatively, the right panel of Fig. 2 shows that the heavy-neutrino exchange probes momentum transfers considerably larger than the ones below |q| ≈ 200 which are the most relevant for light-neutrino exchange. Consequently the influence of short-range correlations in the light-neutrino-exchange channel is minor. In contrast, for momentum transfers |q| ≈ 500 MeV, only relevant with heavy neutrinos, short-range correlations play a much more important role. Here the two prescriptions of short-range correlations reduce the value of the matrix elements by significantly different amounts, as shown by the error bars in the lower panel of Fig 1. The comparison of normalized distributions between the two decay channels agrees well with the findings of QRPA, EDF theory and other many-body approaches [20, 29, 32, 36] .
We can also analyse the matrix elements in terms of the contributions from the decaying pair of neutrons -or the created pair of protons-coupled to a given angular momentum and parity, M (J π ), with M = J π M (J π ). Figure 3 , taking 136 Xe as a representative example, shows that the decomposition is quite diverse in the two channels. For the exchange of light neutrinos the total matrix element results from a significant cancellation of the dominant 0 + -pair term by all other contributions, especially those from 2 + pairs. The final result is about 35% of the 0 + -pair matrix element. In comparison, for the heavy-neutrino exchange the final result is about 70% of the 0 + -pair matrix element. This term is only modified significantly by 2 + -pair matrix elements, as the contributions of pairs coupled to higher angular momentum are very much suppressed. These findings are in agreement with Refs. [21, 30, 45] . The dominance of the 0 + -pair matrix element is related to the short-range character of the heavy-neutrino exchange because for higher angular momenta shorter-range contributions are much less dominant than for 0 + pairs [60] . The smaller cancellations in the heavy-neutrino exchange matrix elements suggest that this channel is not as subtle as the light-neutrino exchange, where the competition between matrix element contributions needs to be described carefully. This is consistent with the main finding of Fig. 1 : Matrix elements for the exchange of heavy neutrinos are similar for the shell model and covariant EDF theory. Figure 2 suggests that most of the matrix element cancellations occur at the level of longerrange correlations involving nucleons separated by a couple of fm's.
It is useful to explain the matrix element cancellations invoking an approximate SU (4) symmetry [39] , because when the symmetry is exact in the transition operator and the initial and final nuclear states, the matrix elements vanish. In this picture, the relatively minor cancellation in heavy-neutrino exchange shown in Fig. 3 occurs because the very short-range radial part of the 0νββ decay operator, ∼ δ(r ab ), breaks the SU (4) symmetry more efficiently than the longer-range ∼ 1/r ab radial part corresponding to the light-neutrino exchange. The SU (4) symmetry can only be fully preserved for an operator without r ab dependence.
Role of nuclear structure correlations

Nuclear matrix elements for uncorrelated nuclear states
Given the differences between matrix elements corresponding to light-and heavyneutrino exchange, we can expect that nuclear structure correlations play alternative roles in each channel. Figure 4 confronts shell-model and covariant EDF theory matrix elements for calculations restricted to uncorrelated states, for both mechanisms: Lightneutrino exchange in the upper panel and heavy-neutrino exchange in the lower panel. In the shell model the initial and final nuclear states are limited to configurations formed by neutron-neutron and proton-proton 0 + pairs -seniority-zero states-while for the covariant EDF theory only spherical states are considered.
First, we note that both Figs. 1 and 4 show a similar matrix element distribution with respect to the mass number in the upper and lower panels, this is, in the two decay channels. This suggests a proportionality between light-and heavy-neutrinoexchange matrix elements obtained with the same many-body approach, a dependence first observed in the QRPA [61] . The non-relativistic EDF theory work Ref. [62] found a similar proportionality when comparing matrix elements for light-neutrino exchange with those corresponding to the same operator with the radial part replaced by the identity, a relation studied in more detail in the context of the correlation between 0νββ decay and double Gamow-Teller transitions [63] . These relations suggest that the relative value of the matrix elements depends mostly on the spin-isospin structure and correlations of the nuclear states, and only moderately on the radial part of the operator. In every channel proposed for 0νββ decay -including those corresponding to left-right symmetric and supersymmetric models, and Majoron emission-the dominant spin-isospin structure is a Gamow-Teller-like operator. Therefore, following Refs. [61, 64] we anticipate that it will be challenging to identify the underlying decay mechanism based on a combination of half-life measurements and matrix element calculations in several isotopes, as proposed in Refs. [65, 66] . Reference [50] has very recently obtained a similar conclusion. In principle small deviations from an exact proportionality would allow one to distinguish the decay channel [67] , but a reliable identification demands more accurate matrix elements than what they are now. More importantly, it is apparent in the two panels in Fig. 4 that for uncorrelated states the agreement between shell-model and covariant EDF theory matrix elements is very good. Differences are less than 30% in the light-neutrino-exchange channelshown in the upper panel-and only about 10% for the exchange of heavy neutrinos, as the lower panel shows. Moreover the uncorrelated shell model matrix elements can be larger than the EDF theory ones, in contrast to Fig. 1 . This highlights that the nuclear correlations in the the shell model impact the nuclear matrix elements much more than those included by EDF theory. The slightly larger shell model values may be related to a stronger pairing in the shell model interaction with respect to the pairing strength of the EDF [37] . Note that isospin is not a good quantum number for the uncorrelated states in any of the two many-body methods, and this approximation is expected to impact similarly both approaches. Reference [37] found a similar matrix element consistency for the decay of uncorrelated calcium, titanium and chromium isotopes comparing the shell model and non-relativistic EDF theory. Figure 4 expands this agreement and suggests that it could be extended along the nuclear chart ‡. At this level of uncorrelated states the results only depend on single-particle degrees of freedom and like-particle -isovectorpairing correlations. The single-particle structure of non-relativistic EDF theory in comparison to the shell model has been explored in Refs. [69, 70] , finding reasonably similar orbital occupancies obtained with both many-body approaches. Likewise, isovector pairing is also fairly consistent in typical shell-model interactions and the Gogny EDF [59] . Additional like-pairing correlations can be incorporated by extending the shell-model configuration space [22, 71] or adding isovector pairing fluctuations to the EDF theory calculation [15] . For both methods adding these correlations results in a comparable enhancement of the matrix element values of the order of 30% in the 0νββ decays studied. All these similarities suggest that the discrepancy between shell-model and EDF theory matrix elements in the standard light-neutrinoexchange scenario is related to the unequal treatment of additional nuclear structure correlations.
The left and right panels of Fig. 5 show the normalized radial and momentum transfer matrix element distributions C(r ab ) and C(|q|), respectively, for uncorrelated seniority-zero nuclear states. The Gamow-Teller 136 Xe matrix element is taken as a representative example. In the heavy-neutrino-exchange channel the distributions are very similar to those for fully-correlated states, see the blue lines in the corresponding ‡ An exception may be heavy systems like 150 Nd where even calculations with spherical states using non-relativistic [68] and covariant [32] EDF theory differ. panels in Figs. 5 and 2. In contrast, for the exchange of light neutrinos, a comparison of the red lines in Figs. 5 and 2 shows that when seniority-zero states are involved longer internucleon distances and smaller momentum transfers become relevant. This suggests that additional nuclear correlations effectively suppress the longer-range contributions to the matrix element. Therefore, short-range correlations beyond the seniority-zero level seem to be relatively under control in what respects 0νββ decay -shell-model and EDF theory matrix elements in the heavy-neutrino channel agree reasonably well, see the lower panel in Fig. 1 . On the contrary, the discrepancies in the standard light-neutrino-exchange scenario -highlighted by the upper panel in Fig. 1 -seem to be caused mainly by nuclear structure correlations involving nucleons separated by several fm's. Which are these correlations?
Isoscalar pairing correlations
Nuclear interactions usually comprise various collective correlations encoded in the interaction two-and three-nucleon matrix elements. However, the individual correlations are usually not easy to disentangle. An exception is the separable collective Hamiltonian H coll obtained in Ref. [38] . This Hamiltonian is valid in the pfshell configuration space and applicable to nuclei with mass number between A = 40 and A ≈ 60. It was constructed to reproduce the most important physics of the shellmodel interaction KB3G. In fact, for the decay of calcium, titanium and chromium isotopes H coll gives nuclear matrix elements very similar to those of KB3G in the standard light-neutrino-exchange channel [39] .
The separable collective Hamiltonian H coll includes the single-particle behaviour from the monopole part of the KB3G interaction, and the dominant collective correlations:
Colons indicate normal ordering, H M describes the single-particle part and
where a † α creates a nucleon in a single-particle orbital with n α principal quantum number and l α orbital angular momentum,ã a destroys a nucleon in the time-reversed orbital, Y is a spherical harmonic and b the harmonic-oscillator parameter. Values for the strengths of the isovector pairing, isoscalar pairing, spin-isospin and quadrupole terms g T =1 , g T =0 , g ph and χ, respectively, are given in Ref. [39] . In that reference H coll was used to isolate the effect of the individual correlations in the standard 0νββ decay channel. What is the influence of each of these collective correlations when the transition is mediated by heavy neutrinos? Isoscalar pairing correlations were shown long time ago to be particularly relevant for ββ decay in the QRPA framework [72, 73] , an extreme confirmed in improved recent studies [74] , and also with the shell model using H coll [39] . If isoscalar pairing correlations are not taken into account, the light-neutrino-exchange matrix elements tend to be overestimated. Here we investigate the impact of isoscalar pairing in the heavy-neutrino-exchange mechanism. According to the better agreement between shell model and covariant EDF theory in this channel, if the discrepancies related to the light-neutrino exchange are due to isoscalar pairing, the importance of these correlations would be reduced for the exchange of heavy neutrinos.
Following a similar strategy to Ref. [39] we isolate the effect of the various terms in H coll by including them or not in the shell model calculation. Figure 6 shows that isoscalar pairing correlations indeed play a relatively small role for the heavyneutrino-exchange mechanism. Matrix elements for the decay of calcium isotopes are enhanced by about 10% − 30% when these correlations are omitted, a correction much less important than the uncertainty due to short-range correlations represented by the error bars in Fig. 6 . The enhancement is even smaller than the difference between matrix elements corresponding to H coll and to the KB3G interaction. The impact of isoscalar pairing correlations in the matrix elements associated with the decay of titanium and chromium isotopes is very similar. This minor influence contrasts with the variations observed in Ref. [39] for the 0νββ decay of the same nuclei in the standard light-neutrino-exchange channel. In that reference, the matrix elements obtained without isoscalar pairing were found to be a factor of two or three larger than those corresponding to H coll or KB3G. The sensitivity of the heavy-neutrino-exchange matrix elements to the remaining terms in H coll -the Landau-Migdal-style spin-isospin and quadrupole correlationsturns out also very small in all the decays of pf -shell nuclei studied. This is in good agreement with the behaviour found in Ref. [39] in the standard scenario involving light neutrinos. Furthermore, increasing the isovector pairing strength g T =1 by 20% results in a heavy-neutrino matrix element enhancement of a similar amount, which is comparable to the increase found when light neutrinos are exchanged. This hints that the role of like-particle pairing is similar in both channels. In conclusion, our analysis based on the dominant collective nuclear correlations considered in H coll suggests that one of the main differences between the light-and heavy-neutrino-exchange mechanisms resides in the importance of isoscalar pairing correlations.
Note that, in addition, quadrupole correlations, which are of long range, could also cause differences between the two channels. Quadrupole correlations have been shown to be relevant in several 0νββ decay works, including shell model and EDF theory studies [17, 75, 76, 77, 78] . In general, calculations find reduced matrix elements when the initial and final nuclear states exhibit different deformations, a prediction which seems to be in conflict with measurements of ββ decay with antineutrino emission [79] . Unfortunately, quadrupole correlations play a small role in the moderately-deformed pf -shell nuclei, and they are relatively unimportant for the decays shown in Fig. 6 [39] . Considering decays involving more deformed systems is necessary to understand better the influence of quadrupole correlations. Figure 7 shows the radial and momentum transfer matrix element distributions, C(r ab ) and C(|q|) in the two decay channels. The only ββ emitter in the pf -shell, 48 Ca, is taken as an example. We compare calculations performed using H coll with and without the isoscalar pairing term. The left panel of Fig. 7 shows that for the exchange of light neutrinos the impact of isoscalar pairing is significant at longer internucleon distances, inducing matrix element cancellations beyond 3 fm's or so. When isoscalar pairing is included, the two decaying neutrons can belong to different neutron-neutron and neutron-protons pairs, making this interaction relevant at long distances [80] . In comparison, there is only a mild reduction of the short-range matrix element distribution when heavy neutrinos are exchanged. Likewise, the right panel of Fig. 7 shows that the variations in the momentum transfer distribution in the standard channel are more marked for small momentum transfers, where isoscalar pairing correlations reduce the value of the matrix element. For heavy-neutrino exchange the momentum transfer distribution is very much alike for the two Hamiltonians.
In conclusion, Fig. 7 highlights that most of the contributions of isoscalar pairing affect the long-range part of the 0νββ decay operator, which is only important when light neutrinos are exchanged. This implies a more pronounced role of isoscalar pairing correlations in the standard light-neutrino-exchange scenario. As originally motivated in Fig. 1 , this is the channel where the variance between matrix elements is more marked. In consequence, our analysis suggests that isoscalar pairing correlations can be responsible for a sizeable part of the well-known disagreement between shell-model and EDF theory 0νββ decay nuclear matrix elements.
Finally, Fig. 8 shows the angular momentum-parity decomposition of the 48 Ca matrix element using H coll , with and without the isoscalar pairing term. When excluded, isoscalar pairing correlations are shown to impact especially the contributions of J > 2 pairs, which are much more significant for the light-neutrino exchange shown in the left panel. Isoscalar pairing correlations also reduce moderately the J = 0 + -pair contribution in both mechanisms, but overall they are not very relevant for heavy neutrinos, as the right panel shows. This minor influence is consistent with the results in Figs. 6 and 7. The contributions of J > 0 pairs cancel the leading J = 0 + matrix element, dominated by isovector pairing [51] . That the cancellation from J > 0 pairs is driven by isoscalar pairing supports that these correlations are important to partially recover the SU (4) symmetry of the nuclear states [39] , because restoring the symmetry implies a suppression of the matrix elements. The combined insights from Figs. 7 and 8 suggest that J > 0-pair matrix elements are dominated by the longer-range part of the 0νββ decay operator, which is particularly sensitive to isoscalar pairing correlations.
It is not straightforward how to extend the present analysis beyond pf -shell nuclei, because the shell model calculations of ββ emitters besides 48 Ca involve configuration spaces which miss spin-orbit partner orbitals, and therefore are not suitable for the use of the collective Hamiltonian in Eq. (9) . Therefore the extent to which isoscalar pairing correlations can impact the nuclear matrix elements of 76 Ge or 136 Xe is uncertain. Nonetheless the estimates of Ref. [39] suggest that isoscalar pairing correlations are also relevant for heavier ββ emitters, although probably less so than in the extreme case, illustrated for 48 Ca in the right panel in Fig. 8 , where the isoscalar pairing term is completely removed from H coll . On the other hand, it is worth noting that very recently Ref. [81] has suggested, based on neutron-proton transfer reactions, that a shell model interaction similar to the one used to derive the isoscalar pairing strength of H coll may underestimate the isoscalar pairing strength.
Summary
Nuclear matrix elements are key to determine the reach of 0νββ decay searches, and to identify the decay channel and obtain information of the underlying new physics once 0νββ decay has been detected. However, two of the preferred many-body methods in nuclear structure, shell model and EDF theory, predict matrix elements that differ by up to a factor three in the standard scenario mediated by light-neutrino exchange. In contrast, a similar comparison for the matrix elements associated with the exchange of heavy neutrinos shows a much milder disagreement of about 50%. This reduced discrepancy is encouraging toward a reliable determination of nuclear matrix elements. In fact the difference between calculations is just about the size of the uncertainty due to short-range correlations.
A comparison of the corresponding matrix elements when correlations in the nuclear states are not permitted shows an even better consistency between the shell model and EDF theory, good to 30% even for light-neutrino exchange. This suggests that the variance between matrix elements is mainly due to the unequal treatment by the many-body methods of the nuclear structure correlations that are hindered when heavy neutrinos are exchanged. These correspond to the longer-range correlations the 0νββ decay operator is sensitive to. We have used a separable collective Hamiltonian to motivate that the heavy-neutrino-exchange channel is less sensitive to collective correlations. In addition, we have observed that one of the main differences between light-and heavy-neutrino exchanges is due to the role played by isoscalar pairing correlations, which are mainly of long-range character and contribute to cancellations in the matrix elements. Our analysis supports previous works suggesting that isoscalar pairing correlations can be responsible for a sizeable part of the differences between shell-model and EDF theory nuclear matrix elements in the standard scenario of exchange of virtual light neutrinos.
Similar studies are needed to understand better the inconsistent matrix elements obtained by various many-body approaches. A more thorough investigation of quadrupole correlations, not very relevant for the nuclei considered in our analysis, is a natural extension of the present work. Other possibilities include a comparison of the matrix elements corresponding to alternative 0νββ decay channels also considering the interacting boson model [18, 82] , the QRPA [16, 20] and other novel methods, focusing on the influence of additional collective correlations, or testing the effect of extending the configuration space -e.g. with perturbative [83, 84] , variational [85, 86] or improved shell-model [87, 88] techniques-and other aspects of the many-body calculations. Such studies can provide very valuable insights to design strategies to improve matrix element calculations in the near future. where m π ≈ 138 MeV is the pion mass and κ p − κ n + 1 ≈ 4.70 [41] is the isovector nucleon magnetic moment. The potentials h AP (|q|) and h P P (|q|) correspond to oneand two-pion-exchange diagrams, respectively. The functions f V (|q|) and f A (|q|) reflect the structure of the nucleon, and are usually parameterized with a dipole form factor: f V (|q|) = 1 12) with Λ V = 850 MeV [89] and Λ A = 1040 MeV [90] taken from fits to experimental data. At small momentum transfers -not much larger than few times m π -equivalent expressions can be derived in the context of chiral EFT [90] : 13) with these momentum-transfer corrections only entering at this order in the neutrino potentials not suppressed by q 2 /M 2 N [34] . In the potentials h AP and h P P involving the pseudoscalar term in the hadronic current, we assumed the Goldberger-Treiman relation for the pion decay constant and pion-nucleon coupling, f π g πpn g A m N . Corrections to this relation, which at small momentum transfers are also predicted by chiral EFT, are suppressed by m 2 π /Λ 2 A [46, 34] . In this work we neglect the additional contribution of loop diagrams and counterterms predicted by chiral effective field theory [91] . First estimates suggest a ∼ 5% effect for light-neutrino exchange, and a ∼ 10% impact on heavy-neutrino-exchange nuclear matrix elements for the isotopes considered here. Table A1 shows the decomposition of the shell model 0νββ decay nuclear matrix elements in Table 1 in terms of the contribution of each neutrino potential, for lightand heavy-neutrino exchange. 
